Actinomycete isolates from indoor air and dust in water-damaged schools and children's day care centers were tested for toxicity by using boar spermatozoa as an indicator. Toxicity was detected in extracts of four strains which caused a loss of sperm motility, and the 50% effective concentrations (EC 50 ) were 10 to 63 ng (dry weight) ml of extended boar semen ؊1 . The four strains were identified as Streptomyces griseus strains by 16S ribosomal DNA and chemotaxonomic methods. The four S. griseus strains had similar effects on sperm cells, including loss of motility and swelling of mitochondria, but we observed no loss of plasma membrane integrity or depletion of cellular ATP. None of the effects was observed with sperm cells exposed to extracts of other indoor actinomycete isolates at concentrations of >5,000 to 72,000 ng ml ؊1 . The toxin was purified from all four strains and was identified as a dodecadepsipeptide, and the fragmentation pattern obtained by tandem mass spectrometry was identical to that of valinomycin. Commercial valinomycin had effects in sperm cells that were identical to the effects of the four indoor isolates of S. griseus. The EC 50 of purified toxin from the S. griseus strains were 1 to 3 ng ml of extended boar semen ؊1 , and the EC 50 of commercial valinomycin was 2 ng ml of extended boar semen ؊1 . To our knowledge, this is the first report of the presence of ionophoric toxin producers in an indoor environment and the first report of valinomycin-producing strains identified as S. griseus.
Building materials exposed to prolonged and/or repeated moisture damage are inhabited by complex microbial communities that include bacteria and fungi. Workers have searched for mycotoxins, particularly satratoxin, in indoor environments, because Stachybotrys chartarum has been linked to damage to health in houses with moisture problems (9, 10) . Bacterial toxins have received little attention as hazardous agents in indoor environments. We searched for bacterial toxins in indoor environments by using boar spermatozoa as indicator cells (2) . In this paper we describe Streptomyces griseus strains that emit a toxin in indoor air and in indoor dust. This toxin caused mitochondrial damage similar to the previously observed damage caused by extracts obtained from a water-damaged indoor wall in a children's day care center (2) . The toxin from Streptomyces isolates was purified and identified, and its biochemical effects were studied.
MATERIALS AND METHODS
Media and reagents. Nodularin was purified from Nodularia sp. strain BY1 as described previously (4); synthetic anatoxin A was obtained from CalbiochemNovabiochem Corp. (La Jolla, Calif.), and enniatin was obtained from Fluka (Buchs, Switzerland). The other commercially available reference toxins and chemicals used were obtained from the sources described elsewhere (3) . Cereulide was purified from Bacillus cereus 4810 and F-5881 as described previously (3) . Other chemicals were of analytical quality and were obtained from local sources.
Isolation of actinomycetes from air, dust, and building materials. Actinomycetes were collected from air by using an Andersen sampler and tryptic soy agar. The plates were incubated at 22°C for 2 weeks. Strains were isolated from dust and building materials by using resuscitation media as described previously (2) . Bacteria were cultivated for toxin production on tryptic soy agar at 28°C.
Identification. Whole-cell fatty acids were analyzed as described by Nohynek et al. (17) . The actinomycete isolates were identified by using procedures described by Rainey et al. (20) and Hain et al. (8) . Genomic DNA extraction, PCR-mediated amplification of the 16S ribosomal DNA (rDNA), and purification of PCR products were carried out by using procedures described by Rainey et al. (20) . Purified PCR products were sequenced with a Taq Dye-Deoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.) as recommended in the manufacturer's protocol. An Applied Biosystems model 310 DNA genetic analyzer was used for electrophoresis of the sequence reaction products. Partial 16S rDNA sequences were determined by sequencing 16S rDNA PCR products with primer 27 F. The partial 16S rDNA sequences were aligned with sequences of members of the Actinomycetales by using the ae2 editor (12) , and pairwise similarity values were determined.
Purification and analysis of the toxin from S. griseus strains. Cells were harvested after 10 to 12 days and were extracted with methanol; the methanol was evaporated, and the residue was diluted in methanol (3) . The extracts were tested for toxic effects (inhibition of spermatozoan motility, loss of plasma membrane integrity, decrease in cellular ATP level, swelling of mitochondria) by using protocols described previously (3) . Methanol extracts of the S. griseus isolates were diluted 1:9 with water and injected into a Sep-pak C 18 cartridge (Waters Co., Milford, Mass.). The cartridge was eluted with methanol-water (90:10) and with 100% methanol. The methanol extracts were evaporated to dryness, dissolved in acetonitrile-water (90:10) containing 0.075% trifluoroacetic acid (TFA), and fractionated by reverse-phase high-performance liquid chromatography (HPLC) (Smart; Pharmacia Biotech, Uppsala, Sweden) by using Sephasil C 8 SC 5 m columns (2.1 mm [inside diameter] by 100 mm). The eluents used were water containing 0.1% TFA (eluent A) and acetonitrile containing 0.075% TFA (eluent B). A 5-min gradient from 10% (vol/vol) eluent A-90% (vol/vol) eluent B to 100% eluent B was used. The flow rate was 100 l/min, and detection was at 215 nm.
MS analyses. Electrospray (ESI) mass spectra were obtained with a model API300 triple quadrupole mass spectrometer (MS) (Perkin-Elmer Sciex Instruments, Thornhill, Ontario, Canada). The samples were dissolved in 50% methanol containing 5 mM ammonium acetate and were injected into the MS with a nanoelectrospray ion source (Protana A/S, Odense, Denmark) at a flow rate of about 30 nl/min. MS-MS spectra were obtained by colliding selected precursor ions with nitrogen collision gas with acceleration voltages of 45 to 55 V.
Nucleotide sequence accession numbers. The partial 16S rDNA sequences determined in this study have been deposited in the EMBL data library under the following accession numbers: strain 8/ppi, Y17513; strain 10/ppi, Y17514; strain 123, Y17515; strain 157, Y17516; strain 703, Y17517; strain 147, Y17518; and strain 148, Y17519.
RESULTS
Identification of actinomycetes isolated from indoor environment. Strains of actinomycetes were isolated from indoor building materials, from settled dust, and from air from waterdamaged school buildings, children's day care centers (in Helsinki, Finland), and animal sheds (in Uusimaa County, Finland). Twelve strains were identified by chemotaxonomic methods and by 16S rDNA sequencing as members of the genera Streptomyces, Nocardiopsis, and Dietzia (Table 1) .
Partial 16S rDNA sequences comprising around 400 nucleotides from the 5Ј end of the 16S RNA gene were determined for strains 8/ppi, 1/k, 2/ppi, 10/ppi, 123, 157, 703, 704, 305, 147, and 148. The partial 16S rDNA sequences of strains 10/ppi, 8/ppi, 1/k, 10/ppi, and 157 exhibited showed the highest levels of similarity (Ͼ99%) to the 16S rDNA sequence of S. griseus (accession no. M76388). The chemotaxonomic properties of strains 2/ppi, 8/ppi, 10/ppi, and 1/k were diagnostic for all members of the genus Streptomyces, as follows: the whole-cell fatty acid composition is dominated by iso and anteiso fatty acids, and LL-diaminopimelic acid is the diamino acid of the peptidoglycan. The strains had all of the conventional markers for S. griseus, including straight chains of yellow spores and no melanin production. S. griseus was the species most frequently isolated from air in a water-damaged school (viable count, 60 CFU m Ϫ3 ) and from dust (viable count, 50 CFU mg
Ϫ1
) in water-damaged schools and children's day care centers.
Indoor strains of S. griseus produce a mitochondrial toxin. Cultures of indoor actinomycete isolates were extracted with methanol, and the extracts were tested by using boar spermatozoa. Table 1 shows that substances extracted from three dustborne S. griseus strains from a children's day care center (10/ ppi, 2/ppi, and 8/ppi) and one airborne S. griseus strain (1/k) from an elementary school caused a loss of sperm motility at cell extract concentrations equivalent to 10 to 60 ng of methanol-soluble solids per ml of extended boar semen. This amount was extracted from 0.0005 to 0.002 mg of S. griseus cells (equivalent to 10 5 to 10 6 CFU). The toxicity thresholds for the indoor Streptomyces isolates were of the same order of magnitude as the toxicity threshold observed for the emetic toxin (cereulide)-producing strain B. cereus 4810/72 (Table 1) .
When the type strain of S. griseus, strain DSM 40236, and S. griseus 157 were tested similarly, they had showed no effect on the motility of spermatozoa at concentrations that were up to 1,000-fold higher (corresponding to 10 9 CFU ml Ϫ1 ), indicating that toxin production was a strain-specific characteristic. Neither the type strain of B. cereus (ATCC 14579) nor any of the seven other strains of actinomycetes that were isolated from the same water-damaged buildings as the toxic strains and from animal sheds (Table 1 ) affected the motility of boar spermatozoa. The amounts of cell extract added to the semen had no effect on the osmolarity or pH of the extended boar semen.
When the sperm cells exposed to extracts prepared from Streptomyces strains 10/ppi, 2/ppi, 8/ppi, and 1/k were examined with an electron microscope, we found that the extracts caused dose-dependent swelling of mitochondria (Fig. 1A) . This indicates that the Streptomyces extracts contained a mitochondrial toxin. When an extract was fractionated by HPLC, the same HPLC fraction caused both swelling of mitochondria and loss of motility (Fig. 1B and C) , indicating that the loss of motility of the sperm cells was linked to mitochondrial damage. No mitochondrial swelling (or loss of motility) was observed in sperm cells exposed to extracts of the type strain S. griseus DSM 40236 (Fig. 1D) or the nonemetic strains B. cereus ATCC 14579 T and F-3453 (data not shown). A similar loss of motility and similar swelling of mitochondria were observed in sperm cells after they were exposed to commercial valinomycin (Fig. 1E) or to extracts prepared from the cereulide-producing emetic strains B. cereus 4810/72 and F-5881 (data not shown).
The spermatozoon-paralyzing agent in the extracts of cultures of S. griseus 2/ppi, 8/ppi 10/ppi, and 1/k was not sensitive to heating at 100°C (20 min), to treatment with acid (pH 2 HCl, 30 min) or alkali (pH 12, NaOH, 30 min), or to the action of pronase (Sigma) (100 g ml Ϫ1 , pH 7, 3 h, 37°C). This toxic agent could pass through microconcentrator membrane filters with nominal cutoffs of 100,000 and 10,000 g mol Ϫ1 as a methanol extract but not as an extract in water or dimethyl sulfoxide (DMSO). Thus, the sperm cell-paralyzing agent extracted from the indoor S. griseus strains was heat stable, nonpolar, and resistant to inactivation by heat, by extreme pH, or by protease and had an apparent molecular size of less than 10,000 g mol Ϫ1 . In these respects it behaved like the extract prepared from the emetic strain B. cereus 4810/72.
Purification and identification of the toxin from S. griseus 2/ppi, 8/ppi, 10/ppi, and 1/k. HPLC fractions which contained the agent toxic to sperm were collected ( Fig. 2A) . The fractions representing a single peak in strains 2/ppi, 8/ppi, 10/ppi, and 1/k were evaporated in a stream of N 2 , dissolved in methanol, and analyzed by ESI MS. Figure 2B shows the ESI MS-MS spectrum obtained for the ammonium adduct of the purified toxin from S. griseus 8/ppi (ion m/z 1,128.84). Figure 2C shows the spectrum obtained for the ammonium adduct valinomycin (ion m/z 1,128.64). The first fragment lost from the S. griseus 8/ppi toxin was ammonia, and the result was a protonated molecular ion of m/z 1,111.84 (Fig. 2B) . This ion was similar to the protonated molecular ion m/z 1,111.64, which was obtained from commercial valinomycin (Sigma) (Fig. 2C) . The assignments of the fragment ions observed are shown in Table 2 . The mass values for all fragment losses observed with the toxin from S. griseus 8/ppi and commercial valinomycin (Sigma) were compared to the fragmentation pattern expected based on the structure of valinomycin, and they matched within 0.34 and 0.23 mass unit, respectively. The mass values for all fragment losses observed with the S. griseus 8/ppi toxin matched within 0.31 mass unit the mass values observed with the valinomycin standard. The ESI MS-MS spectra of the toxins purified from S. griseus 2/ppi, 10/ppi, and 1/k (data not shown) were identical to the spectra of the S. griseus 8/ppi toxin and to the spectra of the valinomycin standard. These data indicate that the methanol-extractable toxins of S. griseus 2/ppi, 8/ppi, 10/ppi, and 1/k were identical to valinomycin, a cyclic dodecadepsipeptide. The yields of valinomycin from 10-to 12-day-old cultures of the S. griseus strains were 600 to 1,400 ng mg (wet weight) of cells Ϫ1 , as determined by HPLC in which commercial valinomycin was used for quantitation.
Biological properties of purified sperm-toxic agent from S. griseus 2/ppi, 8/ppi, 10/ppi, and 1/k compared to the biological properties of other toxins and chemicals. Table 3 shows the toxicity thresholds for the S. griseus sperm toxin, valinomycin, extracted from strains 2/ppi, 8/ppi, 10/ppi, and 1/k with boar spermatozoa, and for selected microbial toxins and chemicals. The toxicity thresholds for valinomycin purified from four strains of S. griseus were between 1 and 3.2 ng ml of extended boar semen Ϫ1 . The following seven preparations were toxic to sperm cells: purified toxins from S. griseus 10/ppi, 8/ppi, 2ppi, and 1/k, cereulide purified from B. cereus 4810/72 and F5881, and commercially obtained valinomycin and gramicidin. Valinomycin and cereulide caused a loss of sperm motility at concentrations of Յ3 ng ml Ϫ1 and caused mitochondria to swell at concentrations of Ͻ400 ng ml Ϫ1 but did not deplete ATP in the cells at concentrations up to 12,500 ng ml Ϫ1 . Gramicidin (Ͻ3 ng ml Ϫ1 ) caused a loss of motility. Calcimycin A 23187 caused a loss of motility at a concentration of 32 ng ml Ϫ1 and depleted ATP at a concentration of 125 ng ml Ϫ1 but caused no visible morphological damage to sperm cells even at a concentration of 2,000 ng ml
. Enniatin inhibited motility at a concentration of 300 ng ml Ϫ1 but did not cause mitochondria to swell at concentrations up to 5,000 ng ml sensitive to nodularin and to commercial preparations of anatoxin a, ionomycin, surfactin, polymyxin B, and 2,4-dinitrophenol; the 50% effective concentrations (EC 50 ) of these compounds for the spermatozoan vitality parameters ranged from 100 to Ͼ50,000 ng ml Ϫ1 (Table 3) . N,N-Dihexylcarbodiimide caused mitochondria to swell at a concentration of 1,000 ng ml Ϫ1 . In conclusion, the extracts prepared from S. griseus 10/ ppi, 8/ppi, 2/ppi, and 1/k eliminated motility and caused mitochondria of sperm cells to swell, as did cereulide from emetic B. cereus strains and valinomycin, while the other compounds tested had no effect or had an effect only at dosages that were 1,000-to 10,000-fold higher.
DISCUSSION
We found that S. griseus isolates obtained from dust and air in water-damaged buildings produced valinomycin. We showed previously that extracts from water-damaged indoor building materials paralyzed sperm and caused mitochondria to swell (2) . Identical effects were observed with pure cultures of S. griseus strains, as well as commercially obtained valinomycin. Valinomycin-producing cultures were readily isolated from dust and air from water-damaged buildings.
The cultures of S. griseus 8/ppi, 2/ppi, 10/ppi, and 1/k contained about 1 g of valinomycin per mg (wet weight) of cells. The airborne S. griseus viable count in the building was 60 CFU m Ϫ3 , and the dust viable count was 50 CFU mg Ϫ1 . Viable counting of airborne and dust-borne bacteria is known to underestimate the cell count by factors of 1,000 to 10,000 (14, 15, 18) . Viable as well as nonviable Streptomycetes spores may remain airborne due to their small size and great hydrophobicity (16) . Therefore, the actual airborne load of S. griseus biomass in the water-damaged school and children's day care centers may have reached a level of 10 5 cells m
Ϫ3
, which is equivalent to 0.1 ng of valinomycin m Ϫ3 . Valinomycin is a potassium ionophore (7). It eliminated progressive and rapid motility in exposed boar spermatozoa but did not affect plasma membrane integrity or the intracellular levels of ATP, indicating that ATP production by glycolysis continued to be active. Swelling of the inner mitochondrial membrane was observed in spermatozoa paralyzed by valinomycin; this is similar to effects observed with another toxic dodecadepsipeptide, cereulide, isolated from emetic food-poisoning outbreaks (3) . No mitochondrial swelling was observed in sperm cells paralyzed by gramicidin, a membrane channelforming linear homopeptide protonophore (7) .
Depsipeptide toxins acting as ionophores and creating ion channels across bacterial or mitochondrial membranes (5, 7) are known to be produced by many bacteria and fungi. The significance of such toxins in the environment is not known due to the lack of a suitable bioassay for detection in environmental samples. Boar spermatozoa proved to be sensitive indicator cells as they lost motility when they were exposed to extremely low doses (Յ1 ng ml Ϫ1 ) of valinomycin, gramicidin, and cereulide. The low sterol content of the boar spermatozoan plasma membrane makes these cells permeable, whereas the sperma- b Difference between the observed fragment loss and the calculated monoisotopic mass.
VOL. 64, 1998 MITOCHONDRIAL TOXIN PRODUCED BY S. GRISEUStozoa of other domestic animals and humans, which have higher amounts of sterols in the plasma membrane, are less sensitive to ionophores (5, 19) . Boar spermatozoa are ineffective under anoxic conditions and exhibit only flickering motility in the absence of oxidative phosphorylation (13) . Boar spermatozoan motility, therefore, is a sensitive indicator for agents that affect oxidative phosphorylation. Disrupted mitochondrial physiology and swelling and ongoing cytosolic ATP synthesis have been shown to trigger both apoptotic and necrotic processes (23) , indicating that exposure to mitochondrial toxins may be a severe health hazard. Cereulide, a depsipeptide ionophore produced by emetic strains of B. cereus, has been shown to cause fatal food poisoning and mitochondrial damage in inner organs when it is ingested (1, 11, 22) . Members of the genus Streptomyces have been isolated frequently from water-damaged buildings (21) . It is known that valinomycin is produced by Streptomyces fulvissimus, a species that is not related to S. griseus as determined by 16S rDNA sequence comparisons (20a). Valinomycin production is thus a strain-specific characteristic, not a species-specific characteristic, that may be exhibited by many other Streptomyces species found in indoor air and dust. Exposure to microbially generated mitochondrial toxins that are inhaled may pose a risk to organs that are rich in mitochondria and depend on oxidative phosphorylation (e.g., the brain, heart, and kidneys). Acute renal failure due to inhalation of mycotoxins has been reported (6) .
The S. griseus toxin, which is identical to valinomycin, was extremely stable under extreme environmental conditions. This toxin may accumulate for long periods of time when building materials are exposed to repeated water damage. To our knowledge, this is the first report of isolation of an ionophoric toxin from indoor air or dust in water-damaged buildings. This is also the first report of valinomycin-producing strains that are identified as S. griseus. a Expressed as the endpoint dilution that resulted in a Ͼ50% change in the vitality parameter for extended boar semen compared to that of spermatozoa exposed to diluent only. Nodularin, anatoxin A, N,N-dihexylcarbodiimide, and 2,4-dinitrophenol were diluted in DMSO, and the other chemicals were diluted in methanol. Cereulide and valinomycin were diluted in parallel in methanol and in DMSO, but no difference in the endpoint dilutions was observed.
b The toxic agent was purified from methanol extracts of S. griseus cultures, and the amounts of toxic agent were determined by reverse-phase HPLC by using commercial valinomycin as the standard.
c ND, not determined.
